Abstract: The study examined how nap length, nap timing and sleep quality affect early morning performance (6:00 to 8:00). Twelve students participated in a simulated nightshift schedule (22:00 to 8:00) where the length and timing of nocturnal naps were manipulated (0:00-1:00, 0:00-2:00, 4:00-5:00 and 4:00-6:00). A performance test battery was administered consisting of a psychomotor vigilance test, a logical reasoning test, and a visual analogue scale for subjective fatigue and sleepiness. The results showed that a 120-min nap sustained early morning performance better than a 60-min nap. Taking a nap earlier or later did not affect the neurobehavioral performance tests, although participants slept more efficiently during naps later in the night shift. A negative effect of a nocturnal nap during the night shift on subsequent daytime and nocturnal sleep was not observed in the sleep architecture. It still remains unclear whether slow wave sleep plays an important role in sustaining early morning performance. In terms of work safety and sleep health, the results suggest that a longer and later nap is beneficial during night shifts.
Introduction
In everyday life, people feel fatigue, which is a sign of needing a rest 1, 2) . According to Bartley 1) , fatigue is a protective phenomenon that helps maintain the equilibrium of the organism by stimulating the desire for taking a rest. Therefore, management of fatigue is considered an important factor to sustain alertness and performance 3, 4) , reduce human error 5, 6) , reduce the incidence of diseases [7] [8] [9] , and increase the quality of life 10, 11) . Shift workers, however, often cannot take a rest in spite of noticing fatigue. Shift workers are compelled to work and sleep at irregular hours not consistent with their innate circadian rhythms, and thereby suffer from severe sleepiness and fatigue compared with day workers 12, 13) . Some researchers in Japan have investigated the effects of nocturnal napping during duty as a nightshift countermeasure for the problem of sleepiness and fatigue in nightshift workers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . According to these studies, nocturnal napping could reduce sleepiness and fatigue, and help maintain circadian rhythms, and thereby have beneficial effects for work safety, workers' sleep health and quality of life 26) . In other countries, there has been growing interested in nocturnal napping, especially for airline pilots 27) , physicians 28) , nurses 28, 29) , medical residents and interns 30) , industrial plant operators 31) , and aircraft maintenance engineers 32) . However, the most effective type of nocturnal nap has not yet been determined 33) . Only a few studies have investigated the timing and length of nocturnal naps. Sallinen et al. 34) investigated the efficiency of 30-min and 50-min nocturnal naps taken either in the earlier part of the nightshift (around 1:00) or in the latter part (around 4:00). They concluded that alertness could be improved by a nap of either length at either of those nap timings. In contrast, Gillberg 35) reported that a one-hour nap taken at 4:30 improved alertness during the early morning more than a one-hour nap taken at 21:00. While Bonnet 36) suggested that the effects of taking a nap on alertness and performance depended on the length of the nap, there are some findings that a short nap is effective for sustaining performance and alertness 27, 28, 32, 34) . Although it has been reported that taking a nocturnal nap sustains early morning performance, little is known about what qualities of a nap are more beneficial. According to some studies, slow wave sleep (SWS) might have a restorative role for neurobehavioral functions [37] [38] [39] [40] . SWS is a stage of deep sleep characterized by high-amplitude delta EEG waves 41) . Jurado et al. 37) observed a significant relationship between the amount of SWS and the improvement of reaction times. Recently, Walsh et al. 40) showed that pharmacologic SWS enhancement improved neurobehavioral functions during four nights of sleep restriction. In contrast, Gillberg & Åkerstedt 42) suggested that total sleep time might be more important for neurobehavioral performance than the amount of SWS. Therefore, studies investigating the relationship between SWS and neurobehavioral functions have produced inconsistent findings [42] [43] [44] . The purpose of the present study was to test the following three hypotheses. 
Methods

Participants
Participants were recruited from university students according to the following criteria: healthy male, "neither entirely morning nor evening type" evaluated by morningevening questionnaires 45) , non-smoker, and did not have a sleep disorder as assessed by a sleep disorder questionnaire and interview. Twelve male university students (Mean ± SD; 21.6 ± 2.8 yr old) participated in this experiment. Participants gave informed consent in writing prior to the experiment. Ethical approval for this experiment was obtained from the Ethics Committee of Nagoya City University. All participants were paid for participation (150,000 yen).
Design
The experimental schedule is shown in Fig. 1 . The experiment was composed of 5 conditions, each lasting 3 consecutive days with one night shift (22:00-8:00), followed by daytime sleep (11:30-17:30) and nocturnal sleep (0:00-7:00). The 5 different conditions manipulated the timing and length of naps: 0:00-1:00 (Early 60-min; E60), 0:00-2:00 (Early 120-min; E120), 4:00-5:00 (Late 60-min; L60), 4:00-6:00 (Late 120-min; L120) and no nap (Control). Participants completed all the experimental conditions in a counterbalanced order. To minimize carry-over effects, at least five days elapsed between each experimental condition.
Measurements
The performance test battery consisted of a modified version of psychomotor vigilance test (PVT), a logical reasoning test (LRT) and a visual analogue scale (VAS).
1) Psychomotor Vigilance Test
The PVT was used to evaluate sustained attention. Previous research reported that the PVT is highly sensitive to the effect of sleep loss and is minimally subject to learning effects 46, 47) . The modified version of the PVT employed in this study required the participants to press the key corresponding to the numeral (2, 4, 6, 8) presented in the center of the display as quickly and accurately as possible. The stimulus was presented for 5 s and the inter-stimulus interval randomly varied between 1 and 10 s. No response or a response later than 5 s was scored as a lapse in attention.
2) Logical Reasoning Test
The LRT developed by Baddeley 48) was used to evaluate working memory. Participants are randomly shown stimuli like "AB" or "BA", with logical statements such as "A is ahead of B", "A is not preceded by B", and so on. Participants were required to answer "True" or "False" by pressing the appropriate key as quickly and accurately as possible. In the LRT, both RTs and correct responses were recorded.
3) Visual Analogue Scale The VAS was used to evaluate subjective sleepiness and fatigue. Participants rated their sleepiness and fatigue on a 100-mm line. The value ranged from 0 mm (not at all sleepy or tired) to 100 mm (extremely sleepy or tired).
4) Polysomnography
Electroencephalography (EEG), surface-electrode electromyography and bilateral electrooculography were recorded using silver-silver chloride electrodes during the nap periods on a Polymate AP1124 (TEAC Instruments Co., Ltd, Tokyo, Japan). The EEG was obtained from C4-A1 and C3-A2 derivation. Sleep stage 3 and 4 is a stage of deep sleep characterized by high-amplitude delta EEG waves (more than 75 mV, less than 2 Hz) occupying 20-50% or more than 50% of the scoring epoch, respectively. Their sleep stages are combined to provide an estimate of slow wave sleep. The impedances were kept below 20,000 ohms. The 20 s EEG epochs were visually scored according to the standard criteria 41) . Scoring was facilitated by the sleep scoring software "Night Owl Stager ver.1.50A" (Norupro Light Systems Co., Ltd, Tokyo, Japan).
Procedure
Prior to the beginning of a series of experiments, participants spent one night in the laboratory to adapt to the laboratory environment. In addition, participants were trained on a performance test battery in order to familiarize them with the test battery and to minimize improvements in performance resulting from learning. During the training period, participants were required to repeat the test battery until their performance reached a plateau. The bedroom environment was kept quiet and free from interruptions. External time cues were eliminated during the experiments. Participants were instructed to do their usual daily activities and sleep (0:00-7:00) before the experiments. On the day preceding the experiments, participants were prohibited from taking a daytime nap, or drinking beverages containing caffeine or alcohol. Participant's sleep-wake cycles were measured by an actigraph (A.M.I Co.; Micro-mini RR) and a self-reported sleep log. We confirmed that the participants followed the instructions.
Participants were required to arrive at the laboratory by 16:00 and practice a performance test battery. Participants ate dinner at 19:00, had a shower at 20:00, and were attached to the electrodes between 21:00 and 22:00. The simulated nightshift started at 22:00 and ended at 8:00. Participants were required to complete a work task (30 min), a performance test battery (20 min), and break (10 min) every hour during the simulated night shift. The work task was typing English documents into a computer. The test battery composed of three computer-administered performance tests. The work task and test battery were performed with the same computer.
Participants were served two biscuits and 60 ml of mineral water every break time during the simulated nightshift to minimize sleepiness and irritability related to being hungry. Participants spent the break times reading a book and/or listening to music. Throughout the simulated nightshift, experimenters monitored the participants from a separate room. If participants fell asleep, they were awakened by an interphone alarm.
Data analysis
Before the statistical analyses, the distributions of all variables were checked. To reduce heterogeneity of variance between participants, RTs and lapses were transformed to their logarithms and square roots, respectively.
The effects of length and timing of a nocturnal nap on nap sleep physiology were analyzed with two-way repeated measures ANOVAs. Since there are some previous researches 33, 34, 49) suggesting that a nocturnal nap during night shift might disturb the following daytime sleep and nocturnal sleep, which might produce negative influences on alertness during the next night shift, the possible effects of the naps on physiological variables associated with daytime sleep and nocturnal sleep were analyzed with one-way repeated measures ANOVAs. Post-hoc analyses were performed using Tukey HSD tests to specify differences among the mean values.
For the neurobehavioral performance and subjective alertness data (i.e. PVT, LRT and VAS), the average of the values at 17 h (17:30-17:50), 18 h (18:30-18:50) and 21 h (21:30-21:50) was used as the baseline session value and the averages at 6 h (6:30-6:50) and 7 h (7:30-7:50) was used as the value for the early morning session. The differences between baseline and early morning values were analyzed to examine the impacts of nap length and nap timing on sustaining early morning performance. The impacts of length and timing of a nocturnal nap on early morning performance were analyzed with two-way repeated measures ANOVAs for "nap length" (60 min vs. 120 min) and "nap timing" (early vs. late). To investigate whether SWS and total sleep time contributed to the effects of nocturnal naps, Pearson's product moment correlation coefficients were calculated between the sleep variables and the neurobehavioral performance and subjective alertness variables for each nap condition.
The Huynh & Feldt's epsilon correction was employed when appropriate, but the original degrees of freedom are reported in this paper. The significance level was set at p=0.05. All statistical analyses were performed using SPSS 14.0J for Windows.
Results
Polysomnographic variables 1) Nocturnal nap during simulated night shift
The results for the polysomnographic variables during nocturnal naps are presented in Table 1 (Table 1) . The amount of SWS in the control condition was greater than in the other conditions (i.e., E60, E120, L60, and L120). In contrast, the time spent in REM was shorter in the control condition than in the other conditions. For the other polysomnographic variables, there were no significant differences between conditions.
3) Nocturnal sleep after the daytime sleep For the polysomnographic variables during nocturnal sleep (0:00-7:00), there were no significant findings (Table 1) . Possible effects of the naps on physiological variables associated with nocturnal sleep were not found. Table 2 summarizes ANOVA results from visual analogue scale, psychomotor vigilance test and logical reasoning test.
Early morning performance
1) Visual analogue scale
The VAS indicates the effect of nocturnal naps on subjective sleepiness and fatigue. Figure 2 shows the change in the subjective alertness variables from the baseline session to the early morning session. A significant main effect of Nap Timing was observed on the VAS for fatigue (F 1,11 =12.949, p=0.004). Regarding sleepiness, there were no significant findings on the VAS. For both VAS ratings, the interaction of Nap Timing and Nap Length was not significant.
2) Psychomotor vigilance test
The PVT indicates the effect of nap length and nap timing on sustained attention. Figure 3 shows the change in the PVT variables from the baseline session to the early morning session. ANOVAs showed that there were significant main effects of Nap Length for the slowest 10% of the reaction times (F 1,11 =5.302, p=0.042) and lapses (F 1,11 =5.451, p=0.040). The interaction of Nap Timing and Nap Length was not significant for the PVT for the slowest 10% of the reaction times and lapses.
3) Logical reasoning test The LRT indicates the effect of nap length and nap timing on working memory. Figure 4 shows the change in the LRT variables from the baseline session to the early morning session. There were no significant findings for the LRT variables.
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Polysomnographic variables and early morning performance
To investigate the relationship between the polysomnographic variables and the early morning performance data, correlation coefficients were calculated (Table 3) . For the L60 condition, the amount of SWS was significantly correlated with the VAS ratings for sleepiness (r=-0.64, p<0.01) and fatigue (r=-0.76, p<0.01). In addition, moderate non-significant correlations were observed between the amount of SWS and the LRT for correct responses in the L60 condition (r=0.42), and reaction times in the E60 condition (r=-0.40). No significant correlations were observed for the amount of total sleep time. However, the VAS for sleepiness (r=0.42) and the PVT for slowest reaction times (r=0.43) and lapses (r=0.49) in the L120 moderately correlated with the amount of total sleep time. 
Discussion
The purpose of the present study was to test three hypotheses concerning the impact of nap length, nap timing and sleep quality on sustaining early morning performance.
Hypothesis 1: Nap length and early morning performance
The polysomnographic variables (i.e., Total sleep time, Stage 2, 3, 4 and SWS) for the 120-min nap conditions were significantly increased compared to the 60-min nap conditions (Table 1) . For the PVT performance, the significant improvements for the 120-min nap conditions were observed compared to the 60-min nap conditions (Fig.  3) . These results are consistent with the study of Bonnet 36) . They examined the effect of naps (2, 4 or 8h) placed prior to two consecutive night of sleep deprivation. As a result, performance and alertness in all nap conditions were improved in a dose-response fashion compared to the nonap condition. Therefore, they concluded that the extent of improvement is dependent on the nap length.
However, the results for the LRT and VAS in this study did not reveal whether taking a 60-min nap or a 120-min nap is more beneficial during the night shift. The factors behind the discrepancy among these results might be related to the measurements' sensitivity for sleep loss. Other studies showed that a simple monotonous task (like the PVT) is highly sensitive to the effect of sleep loss, while a complex task (like the LRT) is not sensitive 50) . Another possibility is that the results on the tests are influenced by the circadian rhythm, since the evaluation time (6-7 h) was early morning. It is possible that the participants' performance deterioration at the evaluation time might have been alleviated by innate circadian rhythms regardless of taking naps. Therefore, one night shift might not be sufficient to show the effect of naps on neurobehavioral performance and subjective alertness. Further investigations with consecutive night shifts may be necessary to show more clearly the effect of naps.
The problem we have to consider next is the effect of a nocturnal nap on the following daytime and nocturnal sleep from the viewpoint of workers' sleep health. Opinions are divided between researchers in Japan and other countries. Researchers in other countries considered that a nocturnal nap during night shift might disturb the following daytime sleep, which might produce negative influences on alertness during the next night shift 33, 34, 49) . In contrast, some researchers in Japan 18, [24] [25] [26] suggested that the effect of a nocturnal nap on subsequent daytime sleep might be interpreted as beneficial because workers can spend private time engaged in other activities instead of sleeping. Recently, Sasaki et al. 25) investigated the effect of nocturnal naps taken during the simulated two consecutive night shifts on the sleep architecture of subsequent daytime and nighttime sleep. They showed that the nocturnal nap increased the wake time during the last part of the subsequent daytime sleep, and did not impair the sleep architecture of the subsequent nighttime sleep, compared to the baseline sleep before the night shift. Generally, for normal night sleep, the length of rapid eye movement (REM) sleep predominates compared to the length of SWS (i.e., length of stage REM sleep > SWS 51) ). However, due to a longer prior wakefulness time, in the sleep architecture of daytime sleep after a night shift, SWS predominates and the length of stage REM sleep is decreased, unlike the sleep architecture for a normal night sleep.
Our results showed that nocturnal naps decreased the SWS pressure and increase the duration of stage REM in daytime sleep, thereby making the participants' SWS-REM sleep balance 25, 52) better in the sleep architecture of the subsequent daytime sleep (Table 1) . This tendency was clearly observed in the longer nap conditions (i.e., E120 and L120). For the subsequent nocturnal sleep, no significant negative effects of nocturnal naps on the subsequent nocturnal sleep were observed in this study. On the basis of these results, we speculate that the effect of a nocturnal nap during night shift on the subsequent daytime sleep may not be negative.
Altogether, our results for the PVT performance support Hypothesis 1 that a 120-min nap would better sustain early morning performance than a 60-min nap. Therefore, in terms of work safety, we recommend a 120-min nap compared to a 60-min nap. Particularly, shift workers who require sustained attention (e.g., monitoring, driving, etc.) are encouraged to take a 120-min nap compared to a 60-min nap. Furthermore, in terms of sleep health, we recommend the longer nap to facilitate a suitable SWS-REM sleep balance, although additional research with more participants is needed to confirm this recommendation.
Hypothesis 2: Nap timing and early morning performance
The most effective nap timing remains to be determined in conjunction with the nap length. According to Matsumoto 15) , the most favorable nap timing to sustain performance and alertness during the night shift is around the nadir of body temperature. The finding is consistent with the research of Daurat & Foret 29) . They reported that nurses working in an intensive care unit on a two 12-h shift system more frequently took a nap between 4:00 am and 6:00 am and felt that they needed to take a nap during the period. In contrast, Dinges et al. 53) recommended that a nap is most efficient if taken before sleep loss is felt (i.e., a "prophylactic nap" which is taken prior to night shift). There is, however, relatively little research examining the effect of nap timing during night shift other than that of nap length.
The present study did not show a difference on the neurobehavioral performance tests in the effect of taking a nap earlier or later. One possible explanation is that the interval between the earlier and later naps in the present study is shorter (i.e., 2-3 h) than in the previous study (i.e., 7.5 h) 35) . It is possible that differences among the nap conditions were not found due to the short interval. When taking a nocturnal nap during the night shift, the effect of nap timing on early morning performance may not be more important than nap length.
However, it should be noted that subjective fatigue was rated significantly lower in the later nap conditions compared to the earlier nap conditions (Fig. 2) . This may be related to the finding that participants slept more efficiently during the naps later in the night shift (Table  1 ). In contrast, there was no significant finding for subjective sleepiness in this study. This discrepancy may be related to the difference between sleepiness and fatigue. Fatigue is usually canceled by sleep or rest; while sleepiness does not necessary disappear immediately after sleep since it is increased by sleep inertia. According to previous studies 54) , sleep inertia is a transitional state of lowered arousal occurring immediately after awakening from deep sleep. In the work place, performance deterioration due to sleep inertia is considered to be a potential problem of nocturnal napping 33, 54) . Some researchers suggested that the time course of sleep inertia can last from 1 min to 4 h 54) . So the effect of sleep inertia might have contributed to the results for subjective sleepiness. If this is the case, the VAS ratings for sleepiness in the later nap conditions could be improved by a strategy for reducing sleep inertia (e.g., caffeine, bright light, and face washing 55) ). Therefore, we recommend a later nocturnal nap as a night shift countermeasure, if techniques combining nocturnal napping and a strategy for minimizing sleep inertia are used.
Taken together, the subjective fatigue data suggests that a later nap will better sustain performance in the early morning compared to an earlier nap. In contrast, for other variables, the data failed to support Hypothesis 2. We consider that nap timing is not a more important factor for sustaining early morning performance than nap length, if more than a 1-h nap is available in a workplace.
Hypothesis 3: Sleep quality and early morning performance
The results of previous studies examining the relationship between SWS and neurobehavioral performance have been contradictory and inconclusive, although previous research suggested that increased SWS facilitates ongoing cortical recovery from prior awake activities according 38) . Unfortunately, in this study, a positive relationship between the amount of SWS and early morning performance could not be clearly observed. However, significant strong correlations between the amount of SWS and subjective alertness (sleepiness, r=-0.64, p<0.01; fatigue, r=-0.76, p<0.01) were found, especially for the L60 condition. Additionally, there was also a non-significant moderate correlation between the amount of SWS and the LRT for correct responses (r=0.42). Therefore, the results for the L60 condition suggest that the amount of SWS during a nocturnal nap has a positive relationship to better sustaining early morning performance. In contrast, there were no significant findings in the other conditions.
Based on these results, several possibilities remain to be tested in further investigations. One is that the relationship between the amount of SWS and early morning performance may be a U-shape function, not a linear relationship. Paradoxically, the larger amount of SWS may contribute to a deterioration of early morning performance, although sustaining early morning performance would be directly related to the length of SWS during the nap. According to previous studies 54) , a larger amount of SWS contributed to sleep inertia and thereby performance deterioration. Thus, we speculate that an appropriate amount of SWS might exist, although our present data cannot address this.
Another possibility is that sleep factors other than SWS may be contributing to sustaining early morning performance. As shown in Table 3 , our results are not consistent with the study of Gillberg and Åkerstedt 42) who suggested that total sleep time might be more important for performance and alertness than the amount of SWS. On the other hand, Stickgold et al. 56) suggested that REM sleep plays an important role in memory consolidation. However, a limitation of our study is that we could not analyze the effect of REM sleep on early morning performance because the sample of REM sleep was too small for a statistical analysis. Further testing is needed with larger samples.
Taken altogether, it is still unclear whether the amount of SWS during naps is related to sustaining early morning performance. Therefore, we failed to support Hypothesis 3 that the amount of SWS during a nocturnal nap will have a positive relationship to sustaining early morning performance. However, we suggest that, for a nap shorter than 1 h, the amount of SWS may be related to sustaining early morning performance in a linear function, although additional research would be needed to confirm this.
Conclusion
In work places where a nocturnal nap during duty can be arranged with comparative ease, we recommend longer and later napping to sustain early morning performance in terms of work safety and sleep health. However, if only a short nap can be arranged in a workplace, we consider that an earlier nap might be better than a later nap because of the greater effect of sleep inertia on morning performance from a later nap compared to an earlier nap. Therefore, especially for later naps, we suggest that techniques combining nocturnal napping and a strategy for sleep inertia are more effective. For sleep quality, it still remains unclear whether SWS plays a role in sustaining early morning performance.
Since the participants in the current study took naps in an environment where noise, light and social contact were controlled, it is possible that participants' sleep and performance may be better than real shift workers. Especially in real situations, daytime sleep after a night shift is often disturbed by these factors. Therefore, further investigation in real workplaces is necessary.
